Significance Statement
======================

Preclinical studies on the mechanisms underlying the antidepressant effect of NMDAR antagonists such as ketamine suggest that the glutamate system is a key target for developing novel antidepressant drugs with fast onset of action and broader efficacy. It has been suggested that differences in the onset of action between traditional antidepressant agents and ketamine could be due to the differences in the initiation time of synaptogenesis. However, to our knowledge, none of the studies has made a quantitative analysis of synaptogenesis in the hippocampus after ketamine treatment. Moreover, it has been reported that one of the main consequences of chronic stress is impairment of hippocampal vascular supply. Thus, in the present study, we tested the hypothesis whether changes in synaptogenesis and vascularization of hippocampus contribute to the rapid antidepressant effect of ketamine.

Introduction {#s1}
============

Major depressive disorder is a heterogenic and complex psychiatric disease with high morbidity and mortality (suicide) rates worldwide ([@CIT0054]). Despite progress in treatment of major depression, 2 main challenges remain unsolved. First, patients with treatment-resistant depression do not achieve complete clinical remission despite optimized antidepressant treatment; second, it usually lasts at least 2 weeks between the administration of conventional antidepressant drugs and clinical improvement, which increases the risk for patients with suicidal ideation in this time frame ([@CIT0045]). The evidence related to the effect of chronic administration of monoaminergic antidepressant drugs like imipramine or citalopram on the N-methyl-D-aspartate (NMDA) receptors, suggesting that NMDA receptor antagonists can mimic the therapeutic effects of traditional antidepressant treatment ([@CIT0004]). Preclinical studies on the mechanisms underlying the antidepressant effect of NMDAR antagonists such as ketamine suggest that the glutamate system is a key target for developing novel antidepressant drugs with fast onset of action and broader efficacy ([@CIT0011]; [@CIT0036]; [@CIT0023]). Recently, a growing number of clinical studies indicate that ketamine improves depressive symptoms quickly, within hours ([@CIT0046]; [@CIT0026]; [@CIT0018]; [@CIT0015]). Notwithstanding, a growing number of studies also point to many different mechanisms of action of ketamine, but it is still not completely clear. It is well known that abnormality in cellular integrity, structure, and function of brain regions, especially the limbic structure hippocampus, is involved in the pathophysiology of depression and the action of current antidepressant treatments. Structural neurovascular plasticity of hippocampus is one of the important mechanisms that has been extensively studied in relation to major depression and the function of antidepressant drugs ([@CIT0014]; [@CIT0007], [@CIT0008]; [@CIT0028]). It has been documented that neuroplasticity refers to the alteration in neural synapses and pathways in response to changes in behavior and environmental stressors ([@CIT0041]). Thereby, hippocampus has the crucial role in response to the stressful life events and environmental factors by structural and functional modifying ([@CIT0042]). It has been suggested that differences in the onset of action between traditional antidepressant agents and ketamine could be due to the differences in the initiation time of synaptogenesis (S. W. [@CIT0051]). Consistent with this evidence, recent preclinical studies have indicated a rapid enhancement of synaptic structure and function in cortical regions after ketamine treatment ([@CIT0029], [@CIT0030]). However, to our knowledge, none of the studies have made a quantitative analysis of synaptogenesis in the hippocampus after ketamine treatment. Vascular plasticity is another important structural mechanism regulating transport of oxygen and nutrients for neuronal metabolism. It has been reported that one of the main consequences of chronic stress is impairment of hippocampal vascular supply ([@CIT0013]), and electroconvulsive seizure (ECS) treatment has a counteracting effect on the vascular density in hippocampal subregions ([@CIT0037]). Accordingly, identification of hippocampal substructures involved in the fast antidepressant action of ketamine could give us more insight about the mechanisms and targets underlying the antidepressant effect of ketamine and help us developing better antidepressant drugs. Thus, in the present study we tested the hypothesis whether changes in synaptogenesis and vascularization of hippocampus contribute to the rapid antidepressant effect of ketamine.

Materials and Methods {#s2}
=====================

Animals {#s3}
-------

A total of 24 male Flinders Sensitive Line (FSL; a highly validated genetic animal model of depression with good face, construct, and predictive validities) ([@CIT0040]; [@CIT0055]) and Flinders Resistant Line (FRL) rats as control group were used in this study. Flinders rats were bred at Translational Neuropsychiatry Unit, Aarhus University Hospital. The average age of the animals was 95 days. Animal care was carried out in accordance with the guidelines issued by the Danish committee on animal ethics (permission id 2012-15-2934-00254). Rats were pairwise housed in groups of 2, and the room temperature was maintained at 20°C to 22°C with a normal 12-h-light/-dark cycle and free access to food and water.

Treatments {#s4}
----------

A single (15 mg/kg) dose of S-Ketamine hydrochloride (5 mg/mL, Pfizer, ATC-code N01AX14) from the local hospital pharmacy was injected i.p. in 12 rats (6 animals in the FSL group and 6 animals in the FRL group) ([@CIT0035]), and 12 animals (FSL=6 and FRL=6) received a single i.p. injection of saline. Twenty-four hours after treatment, animals were transcardially perfused as described below.

Behavioral Testing {#s5}
------------------

Depression-like behavior of FSL/FRL model rats and the fast antidepressant-like effect of a single dose of ketamine 1 day after administration were evaluated by applying a modified forced swim test (FST) ([@CIT0049]). In the modified FST, rats were placed individually 23.5 hours after a single i.p. ketamine injection in clear glass cylinders (60 cm high, 24 cm in diameter) that were filled with water to a height of 40 cm. The temperature of water was meticulously maintained at 25°C ± 1°C. At the end of the test session, the animals were removed from the cylinders; they were dried softly with a cloth towel and placed in a warm environment before putting them back in the home cages. The main behavioral parameters, mobility and floating, were monitored by applying a video camera for 7 minutes. The 7-minute session was divided into 7 parts (1 minute in each), and the predominant behavior in each 5-second period of a minute was recorded. All investigations were performed by the same researcher, who was blinded about the identity of the rats.

Tissue Preparation {#s6}
------------------

The animals were deeply anesthetized with an i.p. injection of pentobarbital sodium/lidocaine (Unikem) 1 day after ketamine injection. Afterwards, they were perfused transcardially with heparinized (10 U/mL) 0.9% saline (pH=7.3) for 4 minutes followed by ice cold 2.5% glutaraldehyde in 4% paraformaldehyde (pH=7.2--7.4) for 7 minutes. Brains were removed, split into 2 hemispheres, stored in the same fixative, and post fixed at 4°C until they were cut. Left or right hippocampus was selected randomly and isolated. The natural curvature of the hippocampal CA1 region was straightened out manually along the septotemporal axis and embedded in 5% agar to cut coronally perpendicular to its longest dorsoventral axis at 65-μm thickness on a vibratome 3000 (Vibratome).

The selection of the first section for each series was done randomly by using a random table. In this study, 2 sets of sections were chosen based on a systematic sampling principle and a section sampling fraction of 1/12. One set of coronal hippocampal sections was used for quantification of the volume of hippocampal subregions, length density, and total length of microvessels under light microscopy (LM) and the second one was used for estimating the number of synapses by electron microscopy (EM). The set of tissue sections for LM was mounted on gelatin-coated slides and Nissl stained with a 0.25% thionin solution (thionin, Sigma T3387).

Electron Microscopy {#s7}
-------------------

Tissue sections for quantifying the number of synapses using EM were post fixed for 1 hour in 0.6% osmium tetroxide and embedded in TAAB 812 Epon. For the analysis of synapses, the Epon blocks were trimmed and 16 ultrathin serial sections (65 nm) were cut from their surface. The main reason for selecting the CA1.SR subregion of hippocampus for studying the synaptogenesis after ketamine treatment is the high percentage (94.7%) of excitatory glutamatergic synapses in this area. Moreover, LTP in the Schaffer collateral pathway in the CA1 stratum radiatum (CA1.SR) area of the hippocampus is NMDA receptor-dependent.

Stereological Estimation of Volume of CA1.SR and Molecular Layer of Dentate Gyrus (MDG) {#s8}
---------------------------------------------------------------------------------------

For unbiased volume estimation of 2 hippocampal subregions including CA1.SR and MDG, the Cavalieri estimator was applied under light microscopy ([@CIT0020]) using a 10× lens (Olympus, Splan, N.A. 0.45) at 456× magnification.

The following formula was used for calculation the volume of hippocampal subregions:
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where ΣP is the total number of the points hitting the structure of interest, (a/p) is the area per test point (0.0073 mm^2^), t is the section thickness (65 µm), and SSF is the section sampling fraction (1/12).

Quantification of Vascular Parameters in the Hippocampal CA1.SR and MDG Subregions {#s9}
----------------------------------------------------------------------------------

Quantification of the length density (L~v~) and total length (L) of microvessels was performed with the aid of the global spatial sampling method ([@CIT0027]) in CA1.SR and MDG areas. Briefly, the regions of interest were delineated by a 4× objective on 65-µm-thick coronal thionin-stained sections. Afterwards, a 60× oil immersion lens (Olympus, Plan Apochromat, N.A. 1.35) was used to quantify the length of microvessels. Within a 3-dimensional sampling box, isotropic virtual planes with a fixed plane separation distance (d=25 µm) were overlaid systematically on CA1.SR and MDG areas, and the total number of intersections between the virtual planes and the microvessels was counted to estimate the length density of microvessels ([Figure 1](#F1){ref-type="fig"}). The counting frame area was 7200 µm^2^ and the box height was 20 µm with a top guard zone of 5 µm. The x-y steps between sampling areas were 200 µm × 200 µm, obtaining counts of \~300 microvessel intersections per region per animal.

![Estimation of the length of microvessels in a 65-µm-thick vibratome section stained with thionin and visualized on a light microscope with a 60× objective oil immersion lens. Green test lines are superimposed on the live image by newCAST software, and they represent the intersection between isotropic virtual planes and the focal plane. Whenever the microvessels were in focus and virtual planes intersect them, they were counted. One microvessel is intersecting a virtual plane (arrow). Scale bar = 10 µm.](pyw09801){#F1}

Estimates of microvessel length density within the CA1.SR and MDG subfields were performed using the following equation:
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where *L*~*v*~ (microvessels) is the length density of microvessels in the region of interest; $\sum Q$ is the sum of intersections between test lines and microvessels; *p* (*box*) is the number of box corners =4; *avg a(plane)* is the average of plane area= 5760 µm^2^; and $\sum p$ is sum of the box corners hitting the regions of interest.

Total length of microvessels was estimated with the following equation:
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$L\left( {microvessels} \right)$ is the total microvessel length and $V$ is the total volume of the sampled hippocampal subregion. Microvessel was defined as a vessel with a 1-celled wall and a diameter ≤10 µm.

Sampling of CA1.SR Area for Stereological Estimation of the Number of Synapses {#s10}
------------------------------------------------------------------------------

The CA1 pyramidal cell layer is located between the CA2 (small subfield with higher densely packed cells than CA1) and the subiculum (the area with the lower cell density and larger neurons than those found in CA1). Total length of CA1 stratum pyramidal was measured along the CA2-subicular (CA2-SUB) axis on the 65-µm-thick Nissl-stained sections under LM. In each animal the length of CA1 was divided into 6 uniform intervals, and 6 trapezoid-shaped areas along the CA2-SUB axis were cut with a diamond knife at these intervals after random placement within the first interval. Serial ultrathin (60--80 nm) sections were cut from each trapezoid-shaped area. The mean section thickness was 73.2 nm according to the Small's method of minimal folds ([@CIT0056]).

A FEI Morgagni transmission electron microscope was used for capturing electron micrographs of the trapezoid-shaped area of CA1.SR. Electron micrographs were taken with a digital camera (SISIII Mega-View digital camera, Olympus Soft Imaging Solutions) at an initial magnification of 10500× and digitally increased to a final magnification of 23850×. At the final magnification, all types of excitatory synapses were visualized clearly and the synapse number density was analyzed using iTEM software (Olympus Soft Imaging Solutions) ([Figure 2](#F2){ref-type="fig"}).

![Schematic illustration of tissue processing of sections for studying under electron microscopy. (A) Rat brain hemisphere, scale bar 5.5 = mm. (B) Isolated rat hippocampus, scale bar 5.5 = mm. (C) Epon block containing osmium tetroxide stained hippocampal section of thickness 65 µm, scale bar = 5.5 mm. (D) 65-µm-thick-Nissl stained vibratome section with trapezoid-shaped area of interest, scale bar = 0.55 mm. (E) Disector electron micrographs from CA1.SR hippocampal subregion with the 2D unbiased counting frame for counting the number of perforated spine synapses (arrow), nonperforated spine synapses (arrowhead). Scale bar = 2 µm.](pyw09802){#F2}

Unbiased Stereological Method for Quantification of Different Synapse Types in CA1.SR {#s11}
-------------------------------------------------------------------------------------

Synapses were recognized according to their ultrastructural features (presynaptic axonal terminal that contains vesicles, synaptic cleft, and the postsynaptic density \[PSD\]) and were classified into symmetric and asymmetric synapses. However, in this study, we perused merely asymmetric synapses. The asymmetric synapses were grouped into 2 types: spine (axospinous) and shaft (axodendritic) synapses. Furthermore, spine synapses were subdivided into perforated (discontinuous PSD) and nonperforated (continuous PSD) synapses ([Figure 3](#F3){ref-type="fig"}).

![Perforated (arrow), nonperforated (arrowhead) spine, and shaft (star) synapses in electron micrograph from CA1 stratum radiatum subfield of hippocampus. Scale bar = 2 µm.](pyw09803){#F3}

Unbiased estimates of number of different morphological types of asymmetric synapses in the CA1.SR subregion of hippocampus was done by the physical disector method ([@CIT0050]) modified from previous studies (Y. [@CIT0052]). Each disector is consisted of 2 nonoverlapping electron micrographs from 2 adjacent ultra-thin sections, a reference section and a look-up section. Each of the 2 micrographs was superimposed by an unbiased counting frame, and PSD used as a counting unit. The number of synaptic profiles was counted only if their PSD profiles were presented either fully or partly within an unbiased counting frame in the reference section micrograph without intersecting the exclusion lines.

The numerical density of synapse in the CA1.SR subregion of hippocampus for each animal (N~v~) was calculated by the following formula:
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where $Q^{-}$ the total number of synapses is sampled by the disector; $V\left( {disector} \right)$ is the disector volume.

The volume of the disector was estimated by applying the following formula:
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where $~\Sigma a\left( {frame} \right)$ is the sum of areas of all 2-dimensional unbiased counting frames and $h\left( {disector} \right)$ is the height of the disector (the mean section thickness).

The total number of synapses for each animal was calculated by applying this formula:
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where $V\left( {CA1.SR} \right)$ is the total volume of CA1.SR and $Nv\left( {synapse/CA1.SR} \right)$ is the numerical density of synapses in hippocampal CA1.SR.

Statistical Analysis {#s12}
--------------------

All statistical analyses were performed using IBM SPSS Statistics 22 program and graphs were created by the use of Sigmaplot 12.5 (SYSTAT, San Jose, CA).

Test for rapid effect of a single ketamine injection on behavioral and neurostructural parameters between 4 groups of animals was made using 2-way ANOVA with the posthoc Tukey's test. Dependent variables were tested for normality using Q-Q plots and histograms. Variance homogeneity was checked by Levene's test. The coefficient of error for all structural variable measurements was estimated according to the Gundersen paper ([@CIT0021]). The CV of the estimates was computed as the SD/mean. Testing the correlation between different structural parameters of hippocampus and immobility behavior was performed by 2-tailed Pearson analysis. A 2-tailed probability level of *P*\<.05 was used as the significance level and a nonsignificant trend was based on .05 ≤ *P* ≤ .10.

Results {#s13}
=======

Rapid Effect of Ketamine on the Behavioral Results of FST {#s14}
---------------------------------------------------------

Results of the fast effect of ketamine on the immobility behavior in the FST revealed a significant strain × treatment interaction (*F*~3,20~=5.25; *P*=.03) with a significant influence of strain (*F*~3,20~=23.07; *P*\<.001). FSL vehicle rats were significantly more immobile than FRL vehicle rats (*P*=.000). One day after ketamine treatment, immobility behavior significantly decreased in FSL rats (*P*=.02), while it did not change significantly in FRL rats (*P*\>.05) ([Figure 4](#F4){ref-type="fig"}).

![Fast effect of a single i.p. ketamine injection on immobility behavior in forced swim test (FST) in Flinders Sensitive Line (FSL) and Flinders Resistant Line (FRL) rats. \**P*\<.05 and \*\*\**P*\<.001.](pyw09804){#F4}

Open Field Test {#s15}
---------------

Previously, our group published the results of open field test on the FSL rats. They found that ketamine treatment did not change locomotor activity in FSL rats \[F(3,28)=0.864, *P*=.47\] ([@CIT0031]).

Rapid Effect of Ketamine on the Number of Asymmetric Synapses in CA1.SR Area of Hippocampus {#s16}
-------------------------------------------------------------------------------------------

The number of nonperforated synapses in the CA1.SR area of hippocampus was significantly influenced by strain (*F*~3,20~=4.78; *P*=.041) and ketamine treatment (*F*~3,20~=5.01; *P*=.037). We found a significant difference in the number of nonperforated synapses between FSL vehicle and FRL vehicle rats (*P*=.043). However, there was no significant difference in perforated or shaft synapse number between FSL vehicle and FRL vehicle rats (*P*\>.05). The number of nonperforated synapses increased notably in FSL rats 1 day after ketamine treatment (*P*=.040). Interestingly, ketamine treatment had a significant influence on the number of perforated synapses (*F*~3,20~=10.41; *P*=.004) and 1 day after a single ketamine injection, a significant alteration in the number of perforated synapses was revealed in FSL rats (*P*=.033). In the FRL group, neither nonperforated nor perforated synapses changed significantly 1 day after ketamine treatment (*P*\>.05) ([Table 1](#T1){ref-type="table"}).

###### 

The rapid effect of ketamine on the number of different types of asymmetric synapses in CA1.SR subfield of hippocampus

  ------------------------------------------------------------------------------------------------------------------------------------------------------------
                                          FRL-Veh       FRL-Ket   FSL-Veh       FSL-Ket   FSL-Veh vs\   FSL- Ket\   FRL-Ket\                           
                                                                                          FRL-Veh       vs\         vs\                                
                                                                                                        FSL-Veh     FRL-Veh                            
  --------------------------------------- ------------- --------- ------------- --------- ------------- ----------- ------------- ------ ------ ------ -------
  No. of nonperforated synapses (10^9^)   10.3 (0.12)   0.10      10.5 (0.12)   0.12      7.8 (0.06)    0.10        10.3 (0.21)   0.10   .043   .040   .994

  No. of perforated synapses (10^9^)      0.91 (0.17)   0.17      1.17 (0.17)   0.15      0.96 (0.19)   0.15        1.44 (0.30)   0.16   .993   .033   .442

  No. of Shaft synapses (10^9^)           1.96 (0.40)   0.16      1.92 (0.35)   0.17      1.11 (0.40)   0.17        1.72 (0.57)   0.16   .247   .519   1.000
  ------------------------------------------------------------------------------------------------------------------------------------------------------------

Rapid Effect of Ketamine on the Hippocampal Vascularization {#s17}
-----------------------------------------------------------

In this study, the length density and total length of microvesssels were quantitatively assessed in 2 hippocampal subregions (CA1.SR and MDG). A significant effect of strain × treatment interaction was observed on the length density of microvessels in MDG layer (*F*~3,20~ =5.42; *P*=.031). The length density of microvessels in both CA1.SR and MDG layers was significantly different between FSL vehicle rats and the FRL vehicle group (*P*=.043, *P*=.018). Overall, no significant increase in length density of microvessels was seen 1 day after ketamine treatment in FSL and FRL rats (*P*\>.05). Two-way ANOVA analysis showed a significant effect of strain (*F*~3,20~=9.11; *P*=.007), ketamine treatment (*F*~3,20~=13.77; *P*=.001), and strain × treatment interaction (*F*~3,20~=5.87; *P*=.025) on the total length of microvessels in CA1.SR. Microvessels in the CA1.SR were significantly longer in FRL vehicle rats in comparison with FSL vehicle and in FSL ketamine rats vs the FSL vehicle group, respectively (*P*=.005; *P*=.002) ([Figure 5](#F5){ref-type="fig"}). Similarly, total length of microvessels in MDG was significantly higher in FRL vehicle rats vs the FSL vehicle group and rapidly increased after ketamine treatment in FSL rats (*P*=.000; *P*=.012) ([Figure 6](#F6){ref-type="fig"}). Furthermore, a negative correlation was found between the total length of microvessels (in both CA1.SR and MDG) and the duration of immobility behavior in the FST (*r*=-0.50, *P*=.012; *r*=-0.56, *P*=.004). Moreover, total length of microvessels in CA1.SR was correlated with the number of nonperforated synapses in this area of hippocampus (*r*=0.65, *P*=.000).

![Total length of microvessels in CA1.SR area of hippocampus in male Flinders Sensitive Line (FSL) and Flinders Resistant Line (FRL) rats 1 day after a single ketamine injection, \*\**P*\<.01.](pyw09805){#F5}

![Total length of microvessels in molecular layer of dentate gyrus (MDG) area of hippocampus in male Flinders Sensitive Line (FSL) and Flinders Resistant Line (FRL) rats 1 day after a single ketamine injection, \**P*\<.05 and \*\*\**P*\<.001.](pyw09806){#F6}

Rapid Effect of Ketamine on the Volume of Hippocampal Subregions {#s18}
----------------------------------------------------------------

The volume of CA1.SR and MDG significantly influenced by strain (*F*~3,20~=9.82 and 17.48; *P*=.005, *P*=.000) and a rapid effect of ketamine treatment (*F*~3,20~=24.44 and 7.82; *P*=.000, *P*=.011). Moreover, a significant strain×ketamine-treatment interaction effect was observed on the volume of CA1.SR (*F*~3,20~=4.72; *P*=.042). There was a remarkable difference in the volume of CA1.SR and MDG between FRL vehicle and FSL vehicle, respectively (*P*=.006; *P*=.016). Our results demonstrated that the volume of the hippocampal CA1.SR subregion rapidly increased in FSL (depressed) rats after ketamine treatment (*P*=.000) ([Figure 7](#F7){ref-type="fig"}). However, in the control group, changes in the volume of CA1.SR area were not significant (*P*\>.05). Furthermore, the volume of MDG did not change significantly after ketamine treatment in both FSL and FRL rats (*P*\>.05) ([Figure 8](#F8){ref-type="fig"}). These data demonstrated a substantial negative correlation between the duration of immobility behavior in the FST and the volume of CA1.SR and MDG subregions of hippocampus (CA1.SR: *r*=-0.52, *P*=.008; MDG: *r*=-0.614, *P*=.001) ([Figure 9](#F9){ref-type="fig"}).

![Volume of CA1.SR area of hippocampus in male Flinders Sensitive Line (FSL) and Flinders Resistant Line (FRL) rats 1 day after a single ketamine or saline administration, \*\**P*\<.01, \*\*\**P*\<.001.](pyw09807){#F7}

![Volume of the molecular layer of dentate gyrus (MDG) area of hippocampus in male Flinders Sensitive Line (FSL) and Flinders Resistant Line (FRL) rats 1 day after a single ketamine or saline administration, \**P* \< .05.](pyw09808){#F8}

![A significant negative correlation between the duration of immobility behavior in forced swim test (FST) and the volume of CA1.SR subregion of hippocampus (*r*=-0.52, *P*=.008).](pyw09809){#F9}

Discussion {#s19}
==========

The etiology of major depressive disorder is complex and includes genetic and environmental factors with the neurobiological consequences involving structural and functional disruption of the brain. Numerous evidences indicate that disruption of hippocampal neuroplasticity contributes to the pathophysiology of depression and the action of antidepressant drugs. In the present study, we have selected hippocampus for studying the rapid effect of ketamine on the neurovascular plasticity due to simple and highly characteristic structural arrangement and more specifically, a critical role of hippocampus in the pathophysiology of depression ([@CIT0038]; [@CIT0034]; [@CIT0010]). Results of the present study support the notion that ketamine rapidly induces synaptogenesis and vascularization of hippocampus. These structural changes mimic the alteration of neurovascular plasticity of hippocampus following chronic treatment with traditional antidepressant drugs ([@CIT0007], [@CIT0008]). These findings go hand-in-hand with the behavioral observations, where ketamine acts as a fast and potent antidepressant without negative effect on locomotion ([@CIT0031]). Regarding the type of ketamine, it has been known that the affinity of S-ketamine is greater than R-ketamine. However, one rodent study showed that R-ketamine is more potent in antidepressant effect compared with S-ketamine ([@CIT0059]). Interestingly, a recent clinical study demonstrated the rapid antidepressant effect following low-dose S-ketamine administration (0.2 and 0.4 mg/kg), and they suggested that the lower dose will have less side effect with the same efficacy ([@CIT0048]).

Fast Effect of Ketamine on Hippocampal Synaptic Plasticity {#s20}
----------------------------------------------------------

The observed hippocampal synaptic deficit in FSL rats was concordant with the abnormalities seen in major depression ([@CIT0042]). It seems that hippocampus is hypoactive in major depression and ketamine has the rapid converse effect on this neuronal impairment. Preclinical studies provide evidence that the behavioral symptoms of depression are related to alteration of spine synapses in the hippocampus (C. H. [@CIT0016]). We found that the number of nonperforated spine synapses in the hippocampus of depressed rats was significantly lower than in the control group. [@CIT0044] demonstrated that in the chronic unpredictable mild stress animal model of depression, synaptic transmission in hippocampal CA1-CA3 synapses and the density of dendritic spines in CA1 and CA3 pyramidal neurons were decreased, and this impairment of synaptic plasticity was accompanied by a reduction of hippocampal brain-derived neurotrophic factor.

Earlier findings indicate that following 5 days of treatment with fluoxetine in ovariectomized female rats, synaptogenesis was induced in the CA1 subfield of hippocampus ([@CIT0022]). Our results showed rapid increase in the number of spine (nonperforated and perforated) synapses 1 day after a single ketamine injection in FSL rats. Dendritic spines are dynamic structures, and making of new dendritic spines and changes in spine size and shape occurs rapidly after stimulation in adulthood ([@CIT0003]). Accordingly, one speculation for the potency of ketamine for rapid synaptogenesis particularly in the CA1.SR area of mature hippocampus is stimulation of creating new postsynaptic spines together with remodeling of previous single axonal buttons to multiple synapse boutons ([@CIT0057]). Formerly, it was shown that the majority of axonal varicosities/boutons (68%) in the CA1.SR area of hippocampus forms a single synaptic connection and only 19% forms multiple synapses with 2 to 4 postsynaptic densities ([@CIT0047]).

Reports indicate substantial correlation between the synaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor level as one of the main involved receptors in synaptic plasticity and the size of the PSD in glutamatergic synapses in the CA1.SR area of hippocampus, whereby there is a lack of AMPA receptor in glutamatergic synapses with a small PSD in the CA1.SR area of hippocampus ([@CIT0039]; [@CIT0033]). Notably, it has been suggested that the rapid antidepressant action of ketamine is dependent on glutamate-AMPA receptor activation (R. S. [@CIT0017]). Recently, it was discovered that one of the ketamine metabolites (2R,6R)-hydroxynorketamin enantiomer is the main required factor for the rapid antidepressant effect of ketamine. More interestingly, the main function of this component is activating AMPA receptor instead of inhibiting of NMDA receptor. Additionally, ketamine-related side effect was not observed following (2R,6R)-hydroxynorketamin treatment. Therefore, they concluded that antidepressant effect of ketamine is independent of NMDA receptor antagonism ([@CIT0058]). Accordingly, our results converge on the hypothesis that 1 day after ketamine treatment, the number of perforated synapses with a large size of PSD and possibly higher level of AMPA receptors was remarkably increased. The possible explanation for rapid increasing in the number of nonperforated synapses after ketamine treatment could be stimulating the synaptic remodeling by transforming shaft synapses into the spine synapses and the splitting of large perforated synapses into 2 or more nonperforated synapses ([@CIT0043]).

Fast Effect of Ketamine on Hippocampal Vascularization {#s21}
------------------------------------------------------

A significant correlation between depression and cardiovascular diseases (high incidence of cardiovascular diseases in depressed patients and cardiovascular dysfunction as a predisposing factor for depression) has been documented ([@CIT0032]). Therefore, vascular dysfunction has been suggested as one of the mechanisms underlying the pathophysiology of depression. Additionally, counteracting effect of antidepressant treatments on the vascular alteration of hippocampus has been reported previously ([@CIT0006]; [@CIT0005]). In one study in 2006, vascular density of 2 hippocampal subfields (dentate gyrus and the stratum lacunosum moleculare) was quantified following ECS treatment in male Sprague-Dawley rats. The results of this study showed only a 6% increase in the vascular density of dentate gyrus. However, the vascular density of the stratum lacunosum moleculare area was increased by 20% to 30%. They concluded that one of the consequences of vascular dysfunction is abnormality of the function of trophic factors as important factors for neuronal and glial normal function, and improvement of brain microcirculation by ECS could have a protective effect on the neuronal and glial structure and function ([@CIT0037]). Moreover, one of the regulator factors for generation, differentiation, and maturation of newborn neurons in the DG is the interaction between neurons and the surrounding microenvironments including blood vessels. It has been indicated that the vascular endothelial growth factor (VEGF) is a critical mediator of both neurogenesis and angiogenesis in the adult brain ([@CIT0053]). In one study in 2009, the role of VEGF in the action of fluoxetine was investigated, and they concluded that VEGF is an important factor for the behavioral effects of fluoxetine by showing that chronic treatment with fluoxetine stimulates the expression of VEGF in both neurons and endothelial cells in the hippocampus ([@CIT0019]). Indeed, it has been shown that brain areas with large amounts of neuropil have a higher metabolic demand and consequently, need a higher density of capillaries ([@CIT0025]). Based on our findings, there is a reason to believe that ketamine induces a rapid increase in the vascular network of hippocampus and then potentially may improve neuronal and glial function.

Fast Effect of Ketamine on Hippocampal Subregions Volume {#s22}
--------------------------------------------------------

Previously, neuroimaging studies demonstrated a significant hippocampal volume reduction in patients suffering from depression ([@CIT0024]; [@CIT0009]; [@CIT0002]) and the counteracting effect of traditional antidepressant treatments on the reduced volume of hippocampus ([@CIT0012]). In this study, we found a significant decrease in the volume of CA1.SR area of hippocampus in FSL (depressed) rats. Recently, [@CIT0001] examined correlation between the rapid antidepressant effect of ketamine and hippocampal volume alteration in patients with MDD by magnetic resonance imaging before and 24 hours after a single dose of ketamine administration. They found that a smaller size of hippocampus was correlated with an enhanced rapid curative effect of ketamine ([@CIT0001]). In the present study, we observed profound enhancement in the volume of CA1.SR, 24 hours after a single ketamine injection in depressed rats. It is well known that CA1.SR contains mainly dendritic arborizations, vessels, and glia cells. Perhaps these 3 structures are the main determinants for the alteration of the volume of this layer. Intriguingly, our results support the hypothesis that a change in the vascularization of hippocampus is one of the possible mechanisms related to the rapid changes in the volume of hippocampus after ketamine treatment.

Conclusion {#s23}
==========

Our findings related to the rapid synaptic and vascular alteration of hippocampus 1 day after a single ketamine injection provides a possible structural basis for explaining the fast onset of action of ketamine as a novel glutamatergic antidepressant drug and microvascular elongation may be a supportive factor for increased synaptic plasticity and neuronal activity.
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